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Application of remotely-sensed cloud properties for climate studies
Abstract
Clouds play a vital role in Earth’s energy balance by modulating atmospheric processes, thus it is
crucial to have accurate information on their spatial and temporal variability. Furthermore, clouds
are relevant in those processes involved in aerosol-cloud-radiation interactions. The work conducted
and presented herein concentrates on the retrievals of cloud properties, as well as their application for
climate studies. While remote sensing observation systems have been used to analyze the atmosphere
and observe its changes for the last decades, climate models predict how climate will change in the
future. Altogether, these sources of observations are needed to better understand cloud processes and
their impact on climate. In this thesis aerosol and cloud properties from the three above mentioned
sources are applied to evaluate their potential in representing cloud properties and applicability in
climate studies on local, regional and global scales.
One aim of this thesis focuses on evaluating cloud parameters from ground-based remote-sensing
sensors and from climate models using the MODerate Imaging Spectroradiometer (MODIS) data as a
reference dataset. It is found that ground-based measurements of liquid clouds are in good agreement
with MODIS cloud droplet size while poor correlation is found in the amount of cloud liquid water
due to the management of drizzle. The comparison of the cloud diagnostic from three climate models
with MODIS data, enabled through the application of a satellite simulator, helped to understand
discrepancies among models, as well as discover deficiencies in their simulation processes. These
findings are important to further improve the parametrization of atmospheric constituents in climate
models, therefore enhancing the accuracy of climate projections.
In this thesis it is also assessed the impact of aerosol particles on clouds. Satellite data can be used
to derive climatically crucial quantities that are otherwise not directly retrieved (such as aerosol
index and cloud droplet number concentration) which can be used to infer the sensitivity of clouds to
aerosols changes. Results on the local and regional scales show that contrasting aerosol backgrounds
indicate a higher sensitivity of clouds to aerosol changes in cleaner ambient air and a lower sensitivity
in polluted areas, further corroborating the notion that anthropogenic emission modify clouds. On
the global scale, the estimates of the aerosol-cloud interaction present, overall, a good agreement
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1. Introduction
Clouds play a key role in the climate system and are crucially important forclimate change. As Earth’s energy balance is determined by the amount
of incoming shortwave solar radiation (sunlight) and the outgoing longwave
radiation (mid- and thermal-infrared) emitted from the surface and the atmo-
sphere, clouds can alter this balance and affect the Earth’s climate system in
a variety of ways (Stephens, 2005). Clouds can both absorb and reflect solar
radiation, cooling the Earth’s surface, and absorb and emit longwave radiation,
warming the Earth’s surface (Wallace and Hobbs, 2006; Seinfeld and Pandis,
2006; Lamb and Verlinde, 2011; Lohmann et al., 2016) as shown schematically
in Fig.1.
The competition between these effects is regulated by the characteristics
of clouds, such as cloud height, thickness, and radiative properties (Painemal,
2018; Goldblatt and J. Zahnle, 2011; Aebi et al., 2017). The complexity of
clouds and their interactions with solar radiation represent the greatest diffi-
culties in quantifying the effects of clouds on climate and in future projections
of climate change (Flato et al., 2013). Clouds can rapidly transport air, energy,
moisture, trace gases and aerosol particles from near the surface to the upper
level of the atmosphere, hence quickly changing the composition and status of
atmosphere. Moreover clouds are the source of precipitation and greatly reg-
ulate its distribution and amount (Lamb and Verlinde, 2011; Lohmann et al.,
2016; Sun et al., 2018).
Thanks to the advances in remote sensing technologies, nowadays it is pos-
sible to accurately monitor clouds and other atmospheric constituents on local
to global scales (Zhu et al., 2018). Remote sensing instruments do not directly
measure the parameter of interest, for example cloud fraction, instead they
detect the electromagnetic radiation transmitted, scattered, or emitted (radi-
ance) in a given portion of the atmosphere. This electromagnetic radiation
carries information about the atmosphere, and the role of a retrieval (or inver-
sion) algorithm is to extract this information from the measurement and derive
8
Figure 1: A schematic representation of Earth’s radiation balance drawn after (Lamb
and Verlinde, 2011).
the state and composition of the atmosphere. In other words, retrieval algo-
rithms are developed to deduce properties of atmospheric constituents from the
measured radiance and provide the relevant physical value (retrieval) through
a suitable inversion method and an accurate forward model (inverse theory)
(Huang et al., 2005).
Global data sets of cloud properties are routinely gathered using satellites,
such as MODIS (Moderate Resolution Imaging Spectroradiometer), POLDER
(Polarization and Anisotropy of Reflectances for Atmospheric science coupled
with Observations from a Lidar), CALIPSO (Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation), OMI (Ozone Monitoring Instrument)
or AATSR (Advanced Along Track Scanning Radiometer). The traditional ap-
proaches to cloud detection (Rossow and Garder, 1993; Ackerman et al., 1998;
Hulley and Hook, 2008; Hagolle et al., 2010; Heidinger et al., 2012; Zhu and
Woodcock, 2014; Parmes et al., 2017) are based on the fact that the clouds
tend to appear brighter and colder than the land surface. These methods
imply difficulties in detecting clouds above bright (highly reflective) surfaces,
such as snow, ice and deserts, because they mislead the retrieval algorithms to
interpret the high measured reflectance as if it was reflected by clouds. The
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detection of clouds is addressed in Paper I of this thesis. To this end the ca-
pability of artificial neural networks (ANN) for detecting clouds is tested using
radiances measured at the top of the atmosphere with the NASA-Aura Ozone
Monitoring Instrument (OMI). Besides providing cloud coverage, cloud detec-
tion is a necessary step in the retrieval of almost any atmospheric parameter
from remote sensing data in the ultraviolet (UV), visible (VIS) or infrared (IR)
parts of the electromagnetic spectrum (Eresmaa, 2014; Go et al., 2017; Nilo
et al., 2018). Satellite observation of aerosols and clouds over the Baltic Sea
countries are used in Paper III to study how contrasting atmospheric back-
grounds (i.e. clean Fennoscandia and more polluted Central-Eastern Europe)
impact upon clouds.
Satellite data are often complemented by ground-based observations which
are also used as a reference in the validation for space-borne measurements
(Marchand, 2016; Virtanen et al., 2018; Filonchyk et al., 2019). Unlike space-
borne sensors, ground-based remote sensing provides continuous vertically re-
solved observations at one location. Although generally reliable, the accuracy
of ground-based measurements is strictly dependent on the adopted inversion
method. The retrieval algorithm SYRSOC (SYnergistic Remote Sensing Of
Clouds) is applied in Paper II to derive microphysical and optical cloud prop-
erties of stratiform water clouds using the remote sensing suite at Mace Head,
Ireland. The measurements are compared to MODIS and AATSR satellite
retrievals.
Apart from the remotely-sensed observations, a branch of atmospheric
science focuses on the development of representation of cloud processes in
global climate models (Flato et al., 2013). Climate models represent a
powerful tool for investigating the response of the climate system to various
forcings as they enable climatic forecasts from seasonal to decadal timescales
and for estimating projections of the future climate over the coming centuries
(Collins et al., 2013; Christensen et al., 2013; Kirtman et al., 2013). Hence,
the evaluation of modeling diagnostics is a crucial task that establishes the
capabilities and reliability of models. Paper IV focused on this task and
it presents the evaluation of three three climate models with MODIS cloud
products.
By using remote sensing and models, the aims of this thesis are to:
• explore the capabilities and limitations of artificial neural networks for
estimating cloud fraction (Paper I)
• compare cloud retrievals from ground-based algorithms and satellite data
(Paper II)
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• use satellite data to evaluate cloud diagnostics from climate models
trough the application of satellite simulators (Paper IV)
• quantify the aerosol-cloud interactions and determine any contrasting re-
sults for heavily polluted areas against those for very clean areas (Paper
III and Paper IV)
Figure 2: Schematic summary of the topics (cloud detection, cloud properties and
aerosol-cloud interactions) and methods (satellite and ground-based observations,
models) used in this thesis.
The introductory section of this thesis is structured as follows: Sect.2 briefly
introduces the basics of clouds, aerosol and their interaction and Sect.3 presents
the research methods, which are illustrated in Fig.2. Section 4 presents the




2.1. Light propagation through the atmosphere
Electromagnetic waves propagating through the atmosphere encounter gas
molecules, aerosol particles, cloud droplets and ice crystals which modify the
incident radiation by complex processes. The incoming radiation can be partly
reflected or reradiated, changing the direction of propagation (scattering), and
partly disappear by converting energy in heat or chemical energy (absorption).
Overall, absorption and scattering processes define how solar and terrestrial
radiation propagates through the atmosphere.
The nature of the interaction between electromagnetic waves and atmo-
spheric constituents depends on the wavelength λ of the radiation and on the
size distribution of the constituents (Bohren and Huffman, 2007). The absorp-
tion and scattering properties of homogeneous spherical particles with sizes
comparable to λ can be derived using the Mie theory (Mie, 1908) which relates
λ to the size and the chemical composition of the object.
After travelling a path of length z, the beam of light is attenuated following




where I0 is the intensity of the incoming solar light at a wavelength λ, I is the
intensity of the light at a wavelength λ at a location z along the path and σe is
the extinction coefficient of the medium at a wavelength λ. The σe has three
main components:
• Rayleigh scattering by air molecules, which occurs when the size of the
air molecules is < 1/10 of the λ of I0.
• Scattering and absorption by atmospheric aerosol particles, which is dis-
cussed in more details in Sect.2.2..
• Molecular absorption, whose main contributions are molecular oxygen
and ozone, which strongly absorb radiation in the ultraviolet, and water,
which strongly absorbs infrared radiation.
In the atmosphere solar radiation interacts with atmospheric constituents
(aerosol, clouds and gases), all of which can absorb and/or scatter the radiation
in certain spectral bands. The contributions from these various atmospheric
12
constituents interacting with the radiation are additive (Wallace and Hobbs,
2006). Therefore, the total σE(λ) accounts for aerosol, clouds and gases:
σe(λ) = Σiσei
= Σiσai +Σiσsi
= Σiσagi(λ) + σsgi(λ) + σapi(λ) + σspi(λ) +Σiσaci(λ) + σsci(λ)
(2)
where the first letter of each subscript represents either absorption (a) or scat-
tering (s) and the second the contribution of gas (g), aerosol (p) and clouds
(c). Furthermore, we can define Σiσei , Σiσai and Σiσsi as (Wallace and Hobbs,
2006):
σe(λ) = Σiσei = ΣiρiKei = ΣiNiKei (3)
σa(λ) = Σiσai = ΣiρiKai = ΣiNiKai (4)
σs(λ) = Σiσsi = ΣiρiKsi = ΣiNiKsi (5)
where ρi and Ni are the density and particle (for example aerosol) number
concentration, respectively, of the ith constituent and K is the (dimensionless)
extinction efficiency.
The total amount of radiation scattered by particles for a given medium in any
direction is a function of particle composition and size. The composition de-
termines the particle absorption properties. Particles that are very small com-
pared to λ are scattering radiation in the Rayleigh regime, in which scattering
efficiency is K ∝ λ−4, therefore very effective at short wavelengths (e.g. at UV
and the blue end of the visible spectrum), the scattering is divided evenly be-
tween the forward and backward direction of the radiation propagation. When
particle size is comparable to λ, the Mie regime, radiation propagates preferen-
tially along the forward-scattering direction while geometric optics apply when
particles are much larger than λ (Lamb and Verlinde, 2011).
2.2. Aerosol
Minuscule liquid and solid particles suspended in the atmosphere, known as
aerosol particles, can be found mainly in the closest three kilometers to Earth’s
surface (Tian et al., 2017; Koffi et al., 2016). Aerosol particles can enter the
atmosphere directly in a particle form (i.e. dust, sea salt, pollen, organic com-
pounds) or they can form in the atmosphere as a result of reactions between
gaseous compounds in a process known as nucleation (Kazil et al., 2010; Kul-
mala et al., 2012). The diameter of aerosol particles ranges from 1-2 nm for
freshly formed molecular clusters (Kulmala et al., 2013) to 100 µm for dust
or pollen, for example. Fine aerosol, with radius between 0.1 µm and 1 µm,
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can grow by condensation, where gaseous molecules condense on the particle
surface, or coagulation, where smaller fine aerosols collide and stick together.
Figure 3: Examples of anthropogenic and natural sources of aerosol particles.
The Earth’s atmosphere contains various types of aerosol particles (Fig.3)
with different concentrations and chemical compositions originating from bio-
logical sources (i.e. spores, seeds, pollen, sea salt, smoke from wild fires), solid
Earth (i.e. volcano emissions, dust), anthropogenic processes (dust from roads,
biomass burning, fuel combustion, industrial activities) and in-situ formation
due to condensation of gases (i.e. gas to particle conversion from precursor
gases such as sulfuric acid bases and volatile organic compounds) (Wallace and
Hobbs, 2006; Kalberer, 2015; Tegen and Schepanski, 2018; Hoesly et al., 2018).
Once emitted, aerosol particles are transported by the wind over long dis-
tances. Their residence time in the atmosphere varies from few days to weeks
(Fig.4), depending on the particle size, until they are removed from the at-
mosphere by precipitation, gravitation, cloud processing, collision with larger
particles or by sticking onto existing surfaces (i.e vegetation) (Kristiansen et al.,
2012; Bellouin and Haywood, 2015).
Aerosol particles can be described by their physical properties, such as size,
size distribution and shape, their chemical composition and optical properties,
such as extinction, scattering and absorption coefficients (Hansen and Travis,
1974).






The aerosol optical depth (AOD) is one of the most common aerosol optical
parameters is retrieved from aerosol remote sensing instruments, for example
MODIS (Fig. 4 and 5) and AERONET sunphotometers, and it is related to
14
Figure 4: A true-color image from the Moderate Resolution Imaging Spectrora-
diometer (MODIS) over Northern Italy, on March 17, 2005. Northern Italy is a highly
populated and industrialized area. The the Alps block the transport of the air between
northern Italy and the rest of Europe and large amount of air pollution can accumu-
late in the air even for days. Therefore, it often happens that the sky in the Po valley
area appears hazy: this phenomena is captured in the satellite snapshot and it can be
clearly observed by human eye. From the image hazy skies extend over the Po Valley
and reach the Adriatic sea. Credit: Jeff Schmaltz, MODIS Land Rapid Response
Team. Reprinted with permission from NASA Goddard Space Flight Center.
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the amount of aerosol in the vertical column of the atmosphere in the observed





where the extinction coefficient σep accounts for aerosol absorption and aerosol
scattering σep = σap + σsp and AOD is the integrated σep over the total atmo-
spheric column, i.e. from the surface z = 0 to the top of the atmosphere z =
TOA.






and qualitatively indicates the aerosol particle size (Ångström, 1929; Moos-
müller et al., 2009; Dhar et al., 2018; Lack and Langridge, 2013). Values of AE
≤ 1 are indicative of coarse particles, i.e. dust and sea salt, whereas values of
AE≥ 2 indicate the presence of fine particles, typically associated with urban
pollution or biomass burning (Shin et al., 2019; Zotter et al., 2017; Lack and
Langridge, 2013).
Figure 5: Monthly averaged (July 2019) AOD from MODIS/Aqua. Light blue pixels
show high aerosol concentrations, while dark blue pixels show lower concentrations,
and black areas show little or no aerosols. white shows where aerosol properties could
not be retrieved. The image is produced using the science data set Level 2 AOD 550
Dark Target Deep Blue Combined regridded at a 0.1 degrees spatial resolution. Credit:
original imagery by Reto Stockli, NASA’s Earth Observatory, using data provided by
the MODIS Atmosphere Science Team, NASA Goddard Space Flight Center. Modified
and reprinted with permission from NASA Goddard Space Flight Center.
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Depending on the the aerosol optical (determined by chemical composition)
properties, aerosols can scatter or absorb the shortwave and thermal radiation.
Scattering aerosols exert a cooling effect of the atmosphere, whilst absorbing
aerosol particles cause a local warming of the atmosphere at the level at which
they are located (Bellouin, 2015). In the recent Intergovernmental Panel on Cli-
mate Change’s (IPCC) Fifth Assessment Report (AR5) (Boucher et al., 2013)
these processes are called Radiative Forcing from Aerosol-Radiation Interac-
tion (RFari). Additionally, aerosols indirectly affect climate by altering cloud
properties, such as albedo, droplet size, cloud radiation properties, and precip-
itation (Lohmann, 2006; Rosenfeld, 2006). For example, absorbing aerosol can
modify the evaporation rate of cloud droplets and warm the atmosphere, hence
hindering or enhancing cloud production, and consequently affecting precipi-
tation (Lee, 2012; Rosenfeld and Givati, 2006; Zhou et al., 2017; Stjern et al.,
2017).
Aerosols may also act as cloud condensation nuclei CCN (Aitken, 1881) or
ice nuclei IN (DeMott et al., 1997), which are an indispensable element in cloud
formation and a relevant factor affecting cloud properties. Not all aerosols are
activated into CCN or IN and their activation strongly depends on their size,
chemical composition and mixing state.
2.3. Clouds
Clouds are the place in the atmosphere where water passes from its gaseous
phase (water vapour) to its liquid and/or solid phase. Clouds consist of mi-
croscopic droplets of liquid water (warm clouds), ice crystals (cold clouds),
or both (mixed-phase clouds). Their mean droplet radius is typically in the
range 10-20 µm for liquid clouds and 25-35 µm for ice clouds, a remarkable
size difference in comparison to raindrops and snowflakes which we all can see
without any equipment (Fig.6).
Clouds forms as a result of saturation of the air. The air is saturated when
the liquid and vapour phases are in equilibrium, the temperature is equal to
the dew point and the relative humidity is 100%. Saturation is reached either
by mechanisms cooling the air to its dew point or by adding moisture to the
air (Lamb and Verlinde, 2011).
When saturated air cools, for example via adiabatic cooling of an air parcel
by updrafts, the water vapour concentration exceeds the equilibrium value
below the dew point and the air becomes supersaturated. In this condition,
the supersaturated air can no longer contain the same amount of water vapor
and condensation may occur. Aerosol particles are a indispensable element in
cloud formation because they facilitate the conversion of water vapour into its
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Figure 6: Comparison of typical sizes of aerosols, cloud droplet and raindrop.
liquid (rain) and/or solid phase (ice crystals) by acting as a preferred surface
on which water vapour condense. For this reason, aerosol particles acting as
condensation surfaces are referred to as cloud condensation nuclei (CCN). The
ability of aerosol particles to activate as cloud droplets depends on aerosol
properties (i.e. size and hygroscopicity) and on the meteorological conditions
(i.e. water vapour, temperature and velocity updraft).
When enough vapour condenses onto the CCN and the supersaturation of
the air exceed a critical value according to Kölher theory, a cloud droplet is
formed (Köhler, 1936). The Kölher theory describes how the supersaturation
and the critical diameter for the cloud drop activation depend upon the size
and chemical composition of CCN. It indicates that as the supersaturation
increases, the size at which particles can be activated decreases. In other
words, the higher is the hygroscopicity and size of the particle, the lower is
the required supersaturation level for cloud droplet formation (Köhler, 1936;
Kulmala et al., 1996; Reutter et al., 2009; Mochida et al., 2011; Väisänen et al.,
2016).
However, condensational growth alone is not enough to form rain droplets
and ice-crystals. Other processes, such as collision-coalescence, riming and
aggregation, are responsible for precipitation events: if droplets collide with a
sufficient number of other droplets, they grow by collection into precipitation-
sized droplets and reach the surface in form of rain droplets or ice-crystals.
Clouds cover roughly two thirds of the globe (Mace et al., 2009), as shown
in Fig.7). The mid-latitude oceanic storm tracks and tropical precipitation
belts are particularly cloudy, while continental desert regions and the central
18
Figure 7: Monthly averaged (July 2019) cloud fraction from MODIS/Aqua. Cloud
fraction is the portion of each pixel that is covered by clouds. Colors range from blue
(no clouds) to white (totally cloudy). The image is produced using the scientific data
set CloudFraction derived from the 1-km-pixel resolution Cloud Mask product. Credit:
original imagery by Reto Stockli, NASA’s Earth Observatory, using data provided by
the MODIS Atmosphere Science Team. Modified and reprinted with permission from
NASA Goddard Space Flight Center.
subtropical oceans are relatively cloud-free. At any given time, most clouds
are not precipitating (Sun et al., 2018).
In this thesis I adopt from Boucher et al. (2013) the commonly used vertical
classification of clouds that considers ‘high’ cloud above the 440 hPa pressure
level, ‘low’ below the 680 hPa and in between ‘mid-level’. High clouds (i.e. cir-
rus and deep cumulus) are mainly distributed near the equator and over tropi-
cal continents, but they also occur in the mid-latitude storm track regions and
over mid-latitude continents in summer. Mid-level clouds occur prominently
in the storm tracks and, less frequently, in the Intertropical Convergence Zone
(ITCZ). Low-level clouds are seen over mainly over oceans (Boucher et al.,
2013; Mace et al., 2009; Chepfer et al., 2010).
Clouds directly condition the transmission of sunlight and infrared radiation
in the atmosphere, consequently the temperature of Earth, and ultimately
climate, by scattering and absorbing incoming solar radiation and outgoing
longwave radiation (see Figure 1).
In general, the role of clouds on climate depends on their altitude and
thickness (Yan et al., 2016; Hang et al., 2019; L’Ecuyer et al., 2019). High-
level clouds, such as cirrus clouds, consists of ice and reflect little sunlight but
efficiently trap infrared light emitted from Earth’s surface. Low-level clouds,
and to some extent mid-level clouds, such as stratus clouds strongly reflect
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incoming solar radiation and weakly impact on the outgoing infrared radia-
tion, while cumulus clouds can block sunlight but also trap the Earth’s heat
depending on their heights and thicknesses. The overall effect of clouds on
climate is a cooling effect because the amount of solar radiation reflected back
to space by clouds is higher than the amount of infrared radiation emitted by
clouds towards the surface (Hartmann, 1993; Boucher and Quaas, 2007; Lamb
and Verlinde, 2011).
The cloud properties used in this thesis are introduced in Sect.3..
2.4. Aerosol-cloud interactions
As mentioned in the previous sections, aerosol particles and clouds play a key
role in the processes regulating Earth’s radiative budget. The recent Intergov-
ernmental Panel on Climate Change (IPCC)’s Fifth Assessment Report (5AR)
(Boucher et al., 2013) indicates the interactions between aerosols, clouds and
radiation as the largest key climate uncertainty. Therefore, it is crucial to
improve the level of understanding of the effects of aerosol, clouds and their
interactions on atmospheric processes.
The nomenclature describing the aerosol-cloud-radiation interactions has
been changing throughout the years and the IPCC 5AR (Boucher et al., 2013)
introduced a new terminology, shown in Fig.8, to describe the two main mech-
anism perturbing Earth’s radiation balance:
• the radiative forcing due to aerosol-radiation interactions (RFari) en-
compasses what was previously referred to as the aerosol direct effects
and characterize the effect of aerosol particles interacting directly with
incoming sunlight or emitted thermal radiation through scattering and
absorption processes;
• the radiative forcing due to aerosol-cloud interactions (RFaci) comprises
what was previously known as the aerosol first indirect effect and de-
scribes any change to the Earth’s radiative budget due to the modifica-
tion of cloud microphysical properties by aerosols.
The term aerosol-cloud interactions may be used in its most broad mean-
ing to refer to any interaction between aerosol and clouds (Bellouin et al.,
2019). However, in this thesis it is quantified by the metric ACI which de-
fines the change in an observable cloud property (e.g., cloud optical depth,
cloud effective radius, cloud droplet number concentration) to a change in a
cloud condensation nuclei proxy (e.g. aerosol optical depth, aerosol index, or
aerosol particle number concentration). If LWP is assumed to be constant
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Figure 8: Schematic summary of the interactions between radiation, aerosol and
clouds. The nomenclature adopted in the IPCC AR4 (Forster et al., 2007) is now
being replaced by the new terminology presented in the recent IPCC AR5 (Boucher
et al., 2013)
and additional CCN are inserted in a shallow warm cloud, a higher number of
CCN compete for the same amount of liquid water amount, leading to a larger
number cloud droplets of smaller size than the same cloud in unperturbed con-
ditions. Consequently, the total surface area of the cloud droplets is larger,
more solar radiation is reflected back to space, making the cloud brighter, and
less radiation reaches the surface as the optical thickness of the cloud increases.
This effect is also known as the Twomey effect or cloud albedo effect or first
indirect effect (Twomey, 1977).
Furthermore, smaller droplets may also decrease the frequency of precipi-
tation, consequently increasing the cloud lifetime (Albrecht, 1989) and cloud
coverage (Kaufman and Koren, 2006). The term adjustments is used nowadays
to indicate these processes (Boucher et al., 2013).
A widely-used approach to the assessment of ACI parameter is to follow the
methodology introduced by Feingold et al. (2003) and attribute perturbations






where δ is the observed cloud property (COT, CER, LWP or CDNC) and σ
the CCN proxy, as CCN are not a measurable quantity for most instrument
techniques (i.e. for satellite instrumentation). Aerosol loading is often used as
a proxy (Andreae, 2009) which is usually expressed by the aerosol optical depth
(AOD) or the aerosol index (AI), derived as the product of AOD × ÅE, or the
Fine Mode AOD (AODf), the part of the total AOD which is contributed by
fine mode aerosol particles.
It is important to highlight that using AOD as a surrogate of CCN implies
the following shortcomings:
• AOD from satellite observations are limited for aerosol particles with
diameter larger then 0.1 µm (Seinfeld et al., 2016);
• high relative humidity causes aerosols to swell and create difficulties in
deriving size distributions (Neubauer et al., 2017; Liu and Li, 2018);
• AOD measurements may be biased due to cloud contamination or cloud
obstruction (Koren et al., 2008; Yang et al., 2014; Zhu et al., 2015);
• AOD is a total column measurement which does not provide any in-
formation regarding the proximity to clouds nor about the aerosol size
distinction nor the aerosol type (Stier, 2016);
Next, some of the challenges and limitations in assessing ACI are high-
lighted. AOD retrievals are limited to cloud-free conditions, which creates chal-
lenges to studying the ACI where the intention is to study collocated aerosol
and cloud observations. Unless height-resolving instruments (i.e. lidars) are
considered, the vertical location of the AOD level is unknown. Aerosol and
cloud measurements may contain retrieval errors, which are further propa-
gated to ACI estimates, as well as they reciprocally may bias the respective
retrievals (Jia et al., 2019). The interpretation of the observed aerosol-cloud
relationships is complicated by the effect of meteorology (Quaas et al., 2010;
Gryspeerdt et al., 2014, 2016; Brenguier et al., 2003). As cloud formation
happens in high humidity conditions, aerosol humidification can severely af-
fect the assessment of ACI by causing positive correlation between AOD and
cloud properties (Myhre et al., 2007; Quaas et al., 2010; Grandey et al., 2013;
Gryspeerdt et al., 2014). Additionally to aerosol particles, water vapour also
affects precipitation (Boucher et al., 2013), obviously linked to the presence
of clouds, and consequently causes spurious correlations between aerosols and
clouds (Koren et al., 2012).
This thesis tackles the assessment of the ACI by using remote sensing obser-
vations and global modeling of warm liquid stratiform clouds deriving estimates
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of ACI from local to global scales. Many studies derived ACI estimates from
local to global scales using in-situ (Werner et al., 2014) and ground-based (Qiu
et al., 2017) measurements, satellite observations (Ma et al., 2018) or modeling
approaches (Gryspeerdt et al., 2017), or a combination of modeling diagnostics
and observations (Ban-Weiss et al., 2014). The advances in the level of un-
derstanding are, however, limited by the intrinsic limitations of each approach
(Seinfeld et al., 2016; Lohmann et al., 2016; Bellouin et al., 2019).
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3. Data & methods
The goal of studying Earth’s atmospheric constituents is to improve the under-
standing of atmospheric processes. A deeper knowledge on atmospheric com-
position enables advances in monitoring and improving air quality as well as
in predicting future climate responses to changes in natural and anthropogenic
emissions. Observations from satellite instruments, ground-based measure-
ments and model diagnostics are fundamental tools for monitoring the atmo-
sphere.
3.1. Space-borne remote sensing
3.1.1. MODIS retrievals
The Moderate Resolution Imaging Spectrometer (MODIS) is a 36-channel ra-
diometer flying aboard the Terra and Aqua satellites since 2000 and 2002,
respectively. MODIS views the entire Earth’s surface every 1 to 2 days, thus
providing an extensive data set of global Earth observations. MODIS delivers
a wide range of atmospheric products including aerosol and cloud properties,
water vapour and atmospheric stability variables.
MODIS Level-1 (L1) products are geo-located brightness temperature val-
ues, which are converted to geophysical data products at Level-2 (L2) using
retrieval algorithms, which can be aggregated into a uniform space-time grid
at Level-3 (L3).
The 1-km (at nadir) spatial resolution MODIS cloud mask is the basis of
MODIS aerosol and cloud retrievals. The cloud mask provides the probability
for a given pixel to be influenced by the occurrence of clouds, classifying the
pixels as confident clear, probably clear, uncertain–probably cloudy or cloudy.
Pixels falling in the former two groups are used for retrieving aerosol properties.
The latter two classes are labeled as cloudy when calculating cloud fractions
(Platnick et al., 2015).
The L2 aerosol products are provided over land (except over ice and snow)
and ocean surfaces for cloud-free conditions during daytime at a nominal spa-
tial resolution of 10 x 10 km2 (Levy et al., 2015). The primary aerosol product
is AOD retrieved globally at the wavelength of 550 nm, while the other param-
eters accounting for the aerosol size distribution, such as AE, defined in Eq.8,
or fine-mode AOD, are only derived over ocean (Levy et al., 2013).
The L2 cloud parameters include cloud top properties (e.g. cloud amount,
top temperature, pressure, emissivity, and height) and physical and optical
properties (e.g. particle phase, effective particle size, optical thickness, water
24
path, fraction) under both daytime and nighttime conditions with a 1 x 1 km2
resolution (for Collection 6 onwards) (Hubanks et al., 2018). Cloud fractions
are derived at 5-km resolution by calculating the proportion of cloudy pixels
from 25-pixel cloud mask groupings.
The cloud droplet effective radius (CER or re) is a measure of the cloud
droplet size and it is defined as (Hansen and Travis, 1974):











where n(r) is the cloud droplet size distribution.
Simultaneously to CER, the cloud optical thickness (COT) is derived. CER
and COT are retrieved coupling the MODIS-measured reflectances in one of
the visible (non-absorbing) channels and one near-infrared or infrared band
(water-absorbing channels) by using look-up tables, which are created by a ra-
diative transfer model calculating the amount of reflection produced by clouds
characterized by a range of COT and CER as a function of the wavelength
(Platnick et al., 2018). The look-up table approach has the following limita-
tions:
• the determination of CER becomes uncertain at low COT (Cho et al.,
2015; Zhang et al., 2012);
• the algorithm assumes single-layered liquid water clouds with plane-
parallel geometry, which do not realistically represent all clouds, espe-
cially convective clouds. Furthermore, the plane-parallel assumption be-
comes weaker for low solar zenith angles (Grosvenor and Wood, 2014).
• Cloudy pixels are either defined as liquid or ice clouds, whereas most of
the clouds in the atmosphere with temperature between -6 ○C and -38
○C are mixed-phase clouds.
The liquid water path (LWP), the amount of liquid water per unit volume




where ρw = 1 g cm−3 is the water density and Ke ≈ 2 is the extinction effi-
ciency in the visible band used for the retrieval of COT and CER (King et al.,
1997). Equation (8) presumes vertically homogeneous clouds in combination
with cloud top effective radius retrievals (Borg and Bennartz, 2007).
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Furthermore, three different products of the cloud properties introduced
above are produced using three different water absorbing channels (1.6 µm,
2.1 µm and 3.6 µm). Zhang et al. (2012) showed that CER retrieved at 3.6
µm is less sensitive to the plane-parallel cloud assumption.
The geolocated L2 MODIS atmospheric products are aggregated in L3 onto
a regular 1○ × 1○ grid and averaged over a day, 8-days and a month span
(Hubanks et al., 2018). In addition to the nominal atmospheric variables,
L3 MODIS products come along with a suite of statistical quantities derived
from the corresponding L2 data product.
The cloud droplet number concentration (CDNC), the number of water
droplets in a volume of cloud, can be derived from CER and COT by combining
Eqs. (6) and (9) from Bennartz (2007), resulting in the following equation:
CDNC = γ ⋅COT0.5 ⋅CER−2.5 (12)
where γ = 1.37 ⋅ 10−5 m0.5 (Quaas et al., 2006). The assumption of not account-
ing for temperature effect and setting γ as a bulk costant applies rather well to
the warm stratiform clouds in the marine boundary layer but less for convec-
tive clouds (Bennartz, 2007; Rausch et al., 2010; Grosvenor et al., 2018). The
equation represents the ”Idealized Stratiform Boundary Layer Cloud” (ISBLC)
model (Bennartz and Rausch, 2017) which is based on the following assump-
tions:
• the cloud is horizontally homogeneous
• the LWC increases linearly from the cloud base to the cloud top
• the CDNC is constant throughout the vertical extent of the cloud
While the ISBLC model describes important aspects of stratiform bound-
ary layer clouds, its assumption will never be fully valid for any real cloud.
Issues related to the ISBLC model assumptions are extensively elaborated in
Bennartz (2007); Bennartz and Rausch (2017) and references therein. How-
ever, compared to the methodology of Bennartz (2007), we use the revised
and improved cloud retrievals from MODIS Collection 6 (Platnick et al., 2015,
2017).
MODIS cloud properties retrieved at 3.6 µm are used in Paper II and
Paper III, while the standard 2.1 µm was used in Paper IV to match the
wavelength used in the COSP-MODIS simulation. MODIS L2 cloud properties
are used in Paper I and Paper II and MODIS L3 data are applied in Paper
III and Paper IV. In Paper II and Paper III, transparent-cloudy pixels
(COT < 5) were discarded to limit uncertainties (Zhang et al., 2012). MODIS
L2 aerosol data are used in Paper III and L3 in Paper IV.
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3.1.2. OMI retrievals
The Ozone Monitoring Instrument (OMI) is a near-UV-visible spectrometer
flying on NASA’s Aura satellite since 2004. OMI measures radiance at 751
wavelengths in the UV/VIS domain and it has a nominal spatial resolution
of 13 × 24 km2 at nadir, in the normal global operation mode. Complete
global coverage is achieved daily (Levelt et al., 2006) between 2002 and 2008,
while after 2008 the global coverage is achieved in two days due to the row
anomaly (Yan et al., 2012), which affects the quality of OMI radiance data. By
monitoring the global total column ozone, absorbing and non-absorbing aerosol
loading, trace gases and clouds, OMI’s measurements contribute to studying
the recovery of the ozone layer, the sources of aerosols and trace gases affecting
air quality, UV surface fluxes and climate change. OMI’s radiances (Level-1b)
are used in Paper I.
3.2. Ground-based remote sensing
Ground-based remote sensing enables continuous atmospheric observations at
one location with high temporal and spatial resolution. These characteristics
represent an advantageous asset for obtaining detailed insight in atmospheric
processes. Ground-based techniques can be classified into active or passive
ones, depending on their operational principles.
Active sensors emit electromagnetic radiation at a certain wavelength and
measure the backscattered signal to study the properties of the observed target.
A radar (RAdio Detection And Ranging) is a system that uses an electromag-
netic wave in the radio or microwave domain. Radars operating with frequen-
cies of 35 GHz (8 mm) or 94 GHz (3 mm) are known as cloud radars. Cloud
radars are nowadays applied for determining cloud properties up to 10-15 km
in altitude and high temporal resolution (1-10 s). As longer wavelengths are
less sensitive to drizzle and rain while shorter wavelengths may be attenuated
by smaller particles, cloud radars’ application extends from the detection of
hydrometeors to fog, giant aerosols and insects. A radar sample may contain
several targets with different vertical velocities and shapes. Individual targets
can be distinguished with the application of Doppler spectra and linear de-
polarization ratio techniques which enable the detection of the signatures of
different targets.
Ceilometers are a sub-category of the LiDAR (LIght Detection And Rang-
ing) system which are configured to optimize cloud observations. They are
smaller and less expensive than more powerful atmospheric Lidar systems
(e.g. Doppler Lidars, Rayleigh Doppler radar), but follow the same work-
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ing principle: a laser beam is sent vertically into the atmosphere where part of
the signal is backscattered by atmospheric constituents (e.g. aerosol, clouds,
gases) and the intensity of he backscattered radiation is collected by the lidar
instrument. Depending on the working combination of wavelengths, the re-
mote mapping of different atmospheric components is enabled by identifying
wavelength-dependent changes in the intensity of the returned signal. Ceilome-
ters can be used to determine cloud types, boundaries (e.g. cloud base, top
height) and precipitation.
Complimentary to cloud radars and lidars, radiometers are passive sen-
sors measuring the energy emitted at millimetre-to-centimetre wavelengths
(frequencies of 1–1000 GHz), known as microwaves, which make the sensor
very sensitive to the thermal electromagnetic radiation emitted by atmospheric
gases.
In Paper II we use 6 years of data collected in Mace Head, at the west
coast of Ireland, www.macehead.org./) from a CloudNet station consisting of
two active sensors, a ceilometer and a cloud radar, and a passive sensor, a
microwave radiometer. The radar reflectivity and microwave radiometer pro-
files of temperature and humidity as well as liquid water path measurements
are input to the SYROC (SYnergistic Remote Sensing Of Clouds) algorithm,
a software package developed at the National University of Ireland in Gal-
way (NUIG), that calculates the profiles of CDNC, CER and LWC from the
collocated cloud radar, ceilometer or lidar, and microwave radiometer data
(Martucci and O’Dowd, 2011). The ground-based measurements processed by
SYRSOC are evaluated with MODIS and AATSR in Paper II. While SYR-
SOC produces profiles of the microphysical cloud properties, MODIS has a
limited penetration depth into clouds and mainly retrieves microphysical cloud
properties near cloud top. SYRSOC CER, COT and integrated LWC were av-
eraged about 10 min before and 10 min after the overpass. MODIS values with
COT < 5 were discarded. Additionally, measurements of aerosol composition
from the ground-based in situ aerosol mass spectrometer (AMS) (Ovadnevaite
et al., 2014) were also used in Paper II.
3.3. Climate models
Climate models represent a sophisticated tool for studying Earth’s atmosphere
and predicting climate change. A global atmospheric model schematically sim-
ulates Earth’s atmosphere in a 3-dimensional grid. By solving the mathemat-
ical equations that describe the physical atmospheric processes, given initial
conditions and parameters, models compute winds, heat transfer, radiation,
relative humidity, and surface hydrology within each grid point.
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One key limiting factor in the quality of climate predictions by current
global atmospheric models is the realistic representation of the simulated prop-
erties (e.g. cloud cover, amount of cloud water, and number and size of droplets
or ice crystals) that describe the atmospheric constituents (e.g. clouds).
The evaluation of modeling diagnostics is an important task that estab-
lishes the capabilities and reliability of models, hence it helps to improve the
parametrization of modelled atmospheric variables. A robust evaluation of
model diagnostics is not a straight-forward task: model-to-model and model-
to-satellite intercomparison are affected by a number of limitations and in-
congruities intrinsic in the data. For example, the compensation of modeling
errors, the uncertainties of observational data, and the possible discrepant def-
initions of variables between models and observational data are some of the
major issues.
Figure 9: Schematic representation of the basic principle of COSP satellite simulator.
COSP is a diagnostic tool that maps the model representation of clouds to synthetic
satellite observations.
The application of a a satellite simulator, which mimics the retrieval of
observational data, remedies these inconsistencies. In other words, simulators
recreate what a satellite would retrieve when observing the modeled atmo-
sphere, thus generating physical quantities fully consistent with satellite re-
trievals and preventing inconsistencies in the modelled outputs. Consequently,
simulators represent a valuable approach not only for the application of satel-
lite data to robustly evaluate models, but also for consistent model-to-model
comparisons.
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In Paper IV three climate models were considered, ECHAM-HAM,
ECHAM-HAM-SALSA and NorESM, and in each of them the Cloud Feed-
back Model Intercomparison Project (CFMIP) Observation Simulator Pack-
age, COSP (Bodas-Salcedo et al., 2011) version 1.4 was implemented. COSP
is a software tool developed within the CFMIP (Webb et al., 2017) which
models parameters for several spaceborne active (CALIOP, CPR) and passive
(MISR, MODIS) sensors (Fig.9). In our case we considered the COSP-MODIS
simulator. One year of data (2008) of COSP-simulated liquid and ice cloud
(CF, CER, COT, LWP) and aerosol (AOD and AI) properties was compared
to MODIS L3 data. The COSP grid-averaged values were divided by the cor-
responding cloud fractions to match the MODIS in-cloud grid values. The
model three-hour outputs were aggregated to daily averages and successively
re-gridded and co-located by linear interpolation onto the finer satellite regu-
lar grid of 1○×1○. Furthermore, MODIS observations and MODIS-COSP di-
agnostics were screened using a minimum threshold of 30% of cloud fraction
to minimize the source of errors introduced by the retrieval algorithm and to
ensure the existence of large-scale clouds. Additionally to the MODIS-COSP
diagnostics, I also considered the model direct outputs for CDNC which is
representative of the entire vertical structure of a simulated atmospheric col-
umn. Top-column values were considered to maintain consistency with MODIS
and MODIS-COSP values, which observe the top of the clouds, and they were
screened for values with temperature T > 273°K to discard mixed-phase and
ice clouds.
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4. Overview of key results
4.1. Determination of cloud fraction
Cloud detection is a fundamental step for atmospheric observation, whether we
aim to observe clouds themselves or other atmospheric constituents (Eresmaa,
2014; Go et al., 2017; Nilo et al., 2018). A faulty classification of clouds can
cause an incorrect analysis of the observations.
The process of cloud detection relies upon the contrast between clouds
and background (either atmosphere or surface) in the observed field (Ack-
erman et al., 2010). Different automated cloud detection techniques have
been developed depending on the requirements of the application, for example
the tolerance of the application to uncertainty in the cloud amount estimate.
Cloud quantification can be deterministic providing binary products such as
cloudy/cloud-free pixels (Rossow and Garder, 1993), multi-class categorical,
for example cloudy, partial-cloud, cloud-free and unknown in Ackerman et al.
(2010), or representative of a continuous measurement, i.e. the probability of
cloud coverage or the probability of cloud-free as introduced in Aleksandrova
et al. (2018).
Clouds are easily distinguishable from surface types other than snow and
ice, due their high reflectivity of solar radiation at visible wavelengths. How-
ever, this distinction is limited to daytime when solar zenith angles are suffi-
ciently large and the reflected sunlight provides enough contrast in the imagery.
Many automated cloud detection approaches rely on tests using a combination
of visible and infrared channels to determine the presence of clouds (Ackerman
et al., 2010; Sun et al., 2017; Zhu et al., 2015). The success of these cloud test
techniques depends on the determination of the thresholds used in each cloud
test. The techniques which perform the best are usually the most complex and
computationally heavy as they have several spectral tests and thresholds that
vary with the geographic region, time of year, time of day and solar angle, for
example.
In Paper I, a fast and automated neural networks-based solution was ex-
plored for determining cloud fraction. The method was designed specifically for
the NASA Aura’s satellite Ozone Monitoring Instrument (OMI) which observes
back scattered solar radiation in the visible (VIS) and ultraviolet (UV), thus
lacking the thermal channels. Two neural network (NN) algorithms, namely
extreme learning machine (ELM) and back propagation (BP) algorithms, were
developed and used to estimate cloud fractions using OMI radiance measure-
ments from the visible channels. OMI data were divided into independent
datasets for training, testing and validating the results from the neural net-
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works. The results were evaluated by comparison with cloud fractions avail-
able from the MODerate Resolution Imaging Spectrometer (MODIS). OMI
and MODIS both fly in the A-train constellation but on different platforms,
respectively Aura and Aqua with a time difference of 15 minutes between the
observations.
Figure 10: Cloud fractions estimated by the BP and ELM-trained NN and com-
parison with MODIS CF data for validation over a selected orbit. (a) Computed
MODIS geometrical cloud fraction. (b) BP predicted cloud fraction. (c) ELM pre-
dicted cloud fraction. The grey-code in top-row figures (a-c) ranges from 0 (cloud free)
to 100 (totally cloud covered). The bottom-row figures show the absolute difference
between MODIS geometrical cloud fraction and BP-predicted cloud fraction (d) and
ELM-predicted cloud fraction (e). The color-code ranges from 0 (perfect match) to
100 (complete mismatch).
Both neural networks were successfully implemented and delivered esti-
mates of cloud fraction in a fast and automated way. However, the NNs
showed limitation when estimating small cloud fractions, where the BP al-
gorithm showed the worst results. The neural networks performed rather well
in the evaluation with MODIS cloud fraction data. As the ocean provides a
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homogeneous dark surface in the UV/VIS, hence providing a good contrast
between cloudy and clear pixels, good correlations with R values of 0.85 and
0.88 are achieved over ocean, for ELM and BP, respectively. Over land, highly
reflective surfaces, such as desert (Fig.10), or the presence of dust layers in
the atmosphere, represented a challenge for the neural network and the cloud
fractions were not well predicted. The ELM outperformed the BP algorithm
with R values of 0.83 and 0.56, respectively, for ELM and BP.
4.2. Evaluation of cloud properties
4.2.1. Ground-based measurements and MODIS observations
Non precipitating single-layer homogenous water clouds data collected by the
ground-based remote sensing instruments at the Mace Head Atmospheric Re-
search Station from 2009 to 2015 were input into the SYRSOC algorithm to
derive profiles of CER, LWC, and COT. A total of 118 stratiform clouds were
identified and successively they were classified as marine or continental, based
on three-day back-trajectories from the National Oceanic and Atmospheric
Administration (NOAA) HYSPLIT model (HYbrid Single-Particle Lagrangian
Integrated Trajectory) (Draxler and Rolph, 2014) and the synoptic conditions.
40 cases coincident with overpasses of the MODIS Aqua or Terra satellites
over Mace Head were used for a comparison of the SYRSOC results with the
corresponding MODIS products at 3.7 µm (Platnick et al., 2015).
MODIS data were selected and averaged over an area from 53.27 to 53.37 °N
and from −9.91 to 9.89 °E, with Mace Head located at its center. MODIS pixels
with COT < 5 were removed before averaging. SYRSOC produces profiles of
the microphysical cloud properties. However, MODIS has a limited penetration
depth into clouds and therefore only retrieves microphysical cloud properties
near cloud top. Therefore, SYRSOC CER averaged from 75 m to 45 m below
the radar detected cloud top, while LWP was integrated over the full cloud
depth. SYRSOC CER, COT and integrated LWC were averaged over time
from about 10 min before to 10 min after the MODIS overpass.
Comparison of SYRSOC results with MODIS observations shows a moder-
ate correlation of CER (R=0.43), shown in Fig.11 a, and a rather poor agree-
ment of COT (R=0.19). No correlation was found between the integrated
SYRSOC LWC and MODIS LWP, shown in Fig.11 b. The SYRSOC algo-
rithm discards measurements if drizzle is detected and this screening process
discards cloud areas with high LWP, resulting in integrated values considerably
lower than the MODIS LWP. LWP was also measured directly by the MWR
and used as input for SYRSOC. Better agreement was found between the di-
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Figure 11: Comparison of (a) reff and (b) integrated LWC/LWP from MODIS and
SYRSOC, including downdrafts and drizzle. Dots mark mean values, and error bars
span minima to maxima. The 1:1 line and linear fit are shown in gray and black,
respectively
rectly measured LWP and MODIS LWP than between SYRSOC results and
MODIS products, with the exception of high-mean LWP, where the variability
of both instruments was larger.
Integrated SYRSOC LWC was in many cases lower than MWR LWP. In
order to investigate whether the LWP differences were caused by the drizzle
screening, the SYRSOC run was repeated without drizzle screening. Agree-
ment was improved by running SYRSOC without drizzle screening, which re-
sulted in an increase of R2 for LWC from 0.04 to 0.14. Comparison of CER
with drizzle resulted in a slope near 1 and a small offset of −1 µm. The cor-
relation of COT was greater when drizzle was included. However, apart from
CER with a slope near 1 and small offset, overall the comparison with MODIS
data shows a poor agreement. Comparison with MODIS products at 1.6 µm
and 2.1 µm showed similar results.
4.2.2. Model diagnostics and MODIS observations
The evaluation of modeling diagnostics with appropriate observations is an
important task that establishes the capabilities and reliability of models. In
this perspective, aerosol and cloud properties obtained from three different
climate models, namely ECHAM-HAM, ECHAM-HAM-SALSA and NorESM,
are considered.
Results for global means and geographical distributions of aerosol and cloud
properties were assembled over a one-year period (2008) and compared with
MODIS observations in Paper IV providing a quantitative evaluation of cloud
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and aerosol diagnostics. Different results were obtained when considering liquid
or ice clouds.
Significant biases are observed globally in NorESM ice clouds because
NorESM includes radiatively active snow (Kay et al., 2012). The droplet size
and water content of ice clouds are underestimated in ECHAM-HAM and
ECHAM-HAM-SALSA possibly owing to the cirrus scheme which does not ac-
count for heterogenous nucleation or pre-existing ice crystals during formation
of cirrus clouds (Lohmann and Neubauer, 2018; Neubauer et al., 2019).
Global differences can be also observed in liquid clouds (Figure 12). The
droplet size (Figure 12 e-h) simulated by ECHAM-HAM around the mid-
latitude belt are on average 5 µm smaller than in ECHAM-HAM-SALSA and
NorESM, and ECHAM-HAM-SALSA simulates larger cloud droplets around
the polar areas and shows a large positive bias for LWP over ocean in compar-
ison to ECHAM-HAM. The liquid water path simulated by NorESM is larger
over land areas while ECHAM-HAM shows a good agreement with MODIS
(Fig.12 j-k).
Despite having identical cloud modules, the discrepancies between
ECHAM-HAM and ECHAM-HAM-SALSA may originate from different
amounts of activated droplets and different ice nucleation rates. The COSP
diagnostics of liquid clouds CER and COT were successively used to derive
the CDNC, following the approach presented in Quaas et al. (2006), and com-
pared to the corresponding MODIS-derived values. Overall the MODIS derived
CDNC is lower than that derived from COSP simulated values, but higher than
the direct output values. Consequently, the CDNC from direct model output
is lower than MODIS-COSP diagnostics, as also found by Ban-Weiss et al.
(2014). Possible explanations could be either related to the COSP computa-
tion of cloud diagnostics or the approach itself used for deriving CDNC.
Considering the vertical distribution of the COSP-simulated clouds, both
ECHAM-HAM and ECHAM-HAM-SALSA fail in simulating high level clouds
while the vertical distribution of clouds simulated by NorESM is similar to
MODIS.
The evaluation led to the identification of the following deficiencies in the
models:
• the clouds simulated by NorESM are too thick over land and this is-
sue is present in COSP-variables as well as in the direct model output
due to a very low autoconversion parameter causing the suppression of
precipitation over land, thus thicker clouds;
• ECHAM-HAM-SALSA systematically simulates lower IWC than
ECHAM-HAM due to a higher cloud droplet freezing rate which con-
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Figure 12: Annual global mean bias in the properties characterizing liquid warm
clouds. The bias represents the difference calculated subtracting MODIS observation
to MODIS-COSP diagnostics simulated by ECHAM-HAM, ECHAM-HAM-SALSA,
and NorESM. The first image in each row presents MODIS spatial distributions as
reference.
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secutively triggers a reduced sedimentation of ice clouds. This outcome
explains the contradictory result in ECHAM-HAM-SALSA that showed
the largest global average among the models for CER despite having the
highest numberof CDNC;
• the direct model output for CDNC is systematically larger than both the
values derived from COSP-diagnostics and MODIS observations, sup-
porting the results found Ban-Weiss et al. (2014).
4.3. Analysis of aerosol-cloud interactions
In this work the topic of aerosol-cloud interactions introduced in Sect.2.4 was
studied using different measurement techniques (satellite observations, ground
based measurements, modelling diagnostics) and approaches (spatial distribu-
tion, linear regression analysis, vertical profiling, air mass analysis) for different
scales (local, regional and global).
Long-term analysis of ACI was conducted in Paper II and Paper III.
Six year measurements of remote sensing aerosol and cloud properties from
Mace Head were studied in Paper II. The findings showed higher CDNC and
lower CER during greater pollution events, confirming the Twomey effect. In
marine air masses the median CDNC was 60 cm−3 and the median CER 10 µm.
In continental air the median CDNC was 160 cm−3 and the median CER was
8 µm. Droplet size distributions were broader in marine cases and narrower
in continental cases. Generally, clean air masses showed also lower COT and
cloud albedo and higher values were found in more polluted conditions.
In Paper III, 12 years of aerosol and low-level liquid cloud properties were
used to statistically quantify the ACI over the Baltic Sea region, including the
relatively clean Fennoscandia and the more polluted central–eastern Europe.
Changes in cloud structures were shown by the increase of CF, COT, LWP
and CTH, and a decrease of CER as function of aerosol loading, especially
at relatively low cloud-top levels, between 900 hPa and 700 hPa. Most of
the studied cloud variables were unaffected by the lower-tropospheric stability
(LTS), except for cloud fraction.
The ACI was studied as the change in CER as a function of aerosol concen-
tration for fixed LWP bin values (Fig.13). Positive and statistically significant
ACI values were found over the Baltic Sea and Fennoscandia, with the for-
mer having the largest values. Small negative ACI values were observed over
central–eastern Europe, suggesting that large aerosol concentrations saturate
the ACI and that a given change in aerosol number exerts a stronger effect in
pristine regions than in polluted regions.
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Figure 13: CER as a function of AI, stratified for subranges of CTP and LWP, for the
three subregions. These three areas have generally different aerosol conditions:Central-
eastern Europe has the highest values of aerosol loading with an overall AI and AOD
mean value of 0.29 ± 0.03 (regional mean ± standard deviation), and 0.22 ± 0.02
respectively. The Baltic Sea presents a mean value of 0.20 ± 0.02 and 0.16 ± 0.02 for
AI and AOD respectively, and the Fennoscandia the has the lowest values for both
AOD (0.14 ± 0.01) and AI (0.16 ± 0.01). The legend on the right of the figure lists
the LWP bins.
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By using the CDNC as the cloud properties considered in Eq.9, it is pos-
sible to isolate the microphysical component of the ACI without the need for
constraining the liquid water path. This approach was adopted in Paper IV
where estimates of ACI on a global scale were computed using CDNC and AI
from COSP-MODIS simulated and MODIS retrieval observations. The ACI
estimates showed good agreement between the three models and, even more
important, with ACI derived from MODIS observations. ACI from the model
results is generally positive suggesting that changes in AI are connected with
an increase of CDNC regardless of the season. However, negative ACI val-
ues were found during the winter months from MODIS observations, possibly
caused by limitations intrinsic in the nature of satellite observations.
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5. Review of publications and author’s
contribution
Paper I Saponaro, G., Kolmonen, P., Karhunen, J., Tamminen, J., and de
Leeuw, G., A neural network algorithm for cloud fraction estimation us-
ing NASA-Aura OMI VIS radiance measurements, Atmos. Meas. Tech.,
6, 2301–2309, 2013.
Overview: A study on the applicability of two artificial neural net-
work (ANN) algorithms for estimating cloud fraction. The implemented
method revealed being a time effective and automatic approach as oppose
to a combination of several tests.
Author’s contribution: I implemented the ANN algorithms, collected and
processed the MODIS and OMI data for training, testing and validating
the ANNs, all of the coding for data processing, and analysed the results.
I wrote the text and collated the co-authors comments and revisions.
Paper II Preißler, J., Martucci, G., Saponaro, G., Ovadnevaite, J., Vaishya, A.,
Kolmonen, P., Cerburis, D., Sogacheva, L., de Leeuw, G. and O’Dowd,
C., Six years of surface remote sensing of stratiform warm clouds in ma-
rine and continental air over Mace Head, Ireland, J. Geophys. Res.
Atmos., 121, 14, 538–14, 557, 2016.
Overview: A long term analysis of cloud properties collected from the
CloudNet station located in Mace Head, Ireland. The cloud data was
used as input to the SYRSOC algorithm and the derived cloud parame-
ters were compared to satellite observations. Ground-based cloud obser-
vations were also studied in function of air masses.
Author’s contribution: I contributed to the study by collecting the cloud
data from MODIS Collection 6 Level 2 and post-processed it to enable
a robust comparison with the ground-based measurements of warm
stratiform clouds. I helped in the related data interpretation and wrote
the part of text concerning the MODIS observations.
Paper III Saponaro, G., Kolmonen, P., Sogacheva, L., Rodriguez, E., Virtanen,
T. and de Leeuw, G., Estimates of the aerosol indirect effect over the
Baltic Sea region derived from 12 years of MODIS observations, Atmos.
Chem. Phys., 17, 4, 3133–3143, 2017.
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Overview: A study on the aerosol indirect effect of aerosols on cloud
properties using 12 years of MODIS observations. The study focused on
the Baltic Sea region which includes the relatively clean Fennoscandia and
the more polluted central-eastern Europe, thus enabling the observation
of the effect of different aerosol concentrations on clouds.
Author’s contribution: I carried out the design of the study and I chose
the methods and metrics. I carried out the data selection, processing
and analysis. I wrote the text and collated the co-authors comments
and revisions.
Paper IV Saponaro, G., Sporre, M. K., Neubauer, D., Kokkola, H., Kolmonen, P.,
Sogacheva, L., Arola, A., de Leeuw, G., Karset, I. H. H., Laaksonen, A.,
Lohmann, U., Evaluation of aerosol and cloud properties in three climate
models using MODIS observations and its corresponding COSP simula-
tor, and their application in aerosol-cloud interaction, Atmos. Chem.
Phys. Discussions
Overview: An evaluation of cloud and aerosol properties simulated by
a satellite simulator implemented in three climate models with MODIS
observations. The modelling diagnostics and MODIS observations were
also used to infer the ACI on a global scale.
Author’s contribution: I carried out the design of the study, the analysis
of the data and I wrote the text. The modelling data, and the correspond-
ing descriptive sections of the models, were provided by M. Sporre, D.
Neubauer and H. Kokkola. I wrote the text and collated the co-authors
interpretation of the results, comments and revisions.
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6. Conclusions
One main point of this thesis is the use of cloud products from different data
sources to evaluate how well they compare, and how they can be used together
for climate studies. I mainly focused on liquid warm homogeneous low-level
clouds, except in Paper IV where ice clouds were also considered.
Paper I and Paper IV focused on the evaluation of cloud properties on a
global scale. The OMI cloud fraction determined by the two artificial neural
networks developed in Paper I showed overall good results in comparison to
the MODIS cloud fraction, except over bright surfaces (i.e. snow or desert).
These areas are usually critical for retrieval algorithms of atmospheric prop-
erties as higher surface reflectances can be misinterpreted as aerosol or cloud
signals. In an attempt to mitigate this issue, transparent clouds were discarded
from the analysis carried in Paper II to Paper IV.
In Paper IV a large difference was found in the two available MODIS cloud
fraction products due to the different treatment of partly cloudy pixels which
potentially can undermine the robustness of the evaluation of data products
if not taken into consideration. The COSP-MODIS satellite simulator used in
Paper IV avoid the issues related to scale and definition intrinsic in model-
model and model-observation comparison and allow a direct evaluation of satel-
lite and COSP diagnostics. However, the simulator diagnostics were not solely
used to enable a model-satellite comparison but they were interpreted carefully
also to understand the limits and deficiencies between different model set-ups.
The second aim of the thesis was to apply the above mentioned data for
assessing the ACI for liquid warm homogeneous clouds on a local scale (Paper
II), on a regional scale (Paper III) and globally (Paper IV). The aerosol and
cloud observations collected over longer periods of time varying from 6 years in
Paper II up to 12 years in Paper III lead to more statistically and qualitative
robust ACI values than the one year data used in Paper IV. Implications of
ACI were observable by analyzing the spatial distributions, vertical profiles
and air masses of the observed atmospheric variables.
The quantification of clouds and of aerosol–cloud interactions remains a chal-
lenge. Global climate models are the tool for climate prediction and obser-
vations (satellite and surface-based) are used to evaluate the performances of
models. On one hand, climate models and satellite are strategic to simulate
and observe the relevant atmospheric processes. However, their estimates come
with a low confidence because cloud and aerosol properties vary at scales sig-
nificantly smaller than those resolved both in climate models and observed by
satellites. On the other hand, fine scale models and ground-based observation
provide high confidence, yet lack the connection with global scale processes.
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Future work should aim at coordinating the modelling and observation
(satellite and surface-based) communities toward a joint effort to design large-
scale activities. Climate models should be improved in their representation
of clouds (especially mixed- and ice- clouds) and tested with higher spatial
resolution models. The model parametrization capabilities should be tested
and evaluated in locations where models indicate sensible mutual interaction
between aerosols and clouds, over a range of meteorological and aerosol condi-
tions, and in conjunction with observations.
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